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Abstract

Background: Different risk-based colorectal cancer (CRC) screening strategies, such as the use of polygenic risk
scores (PRS), have been evaluated to improve effectiveness of these programs. However, few studies have
previously assessed its usefulness in a fecal immunochemical test (FIT)-based screening study.

Methods: A PRS of 133 single nucleotide polymorphisms was assessed for 3619 participants: population controls,
screening controls, low-risk lesions (LRL), intermediate-risk (IRL), high-risk (HRL), CRC screening program cases, and
clinically diagnosed CRC cases. The PRS was compared between the subset of cases (n = 648; IRL+HRL+CRC) and
controls (n = 956; controls+LRL) recruited within a FIT-based screening program. Positive predictive values (PPV),
negative predictive values (NPV), and the area under the receiver operating characteristic curve (aROC) were
estimated using cross-validation.

Results: The overall PRS range was 110–156. PRS values increased along the CRC tumorigenesis pathway (Mann-
Kendall P value 0.007). Within the screening subset, the PRS ranged 110-151 and was associated with higher risk-
lesions and CRC risk (ORD10vsD1 1.92, 95% CI 1.22–3.03). The cross-validated aROC of the PRS for cases and controls
was 0.56 (95% CI 0.53–0.59). Discrimination was equal when restricted to positive FIT (aROC 0.56), but lower among
negative FIT (aROC 0.55). The overall PPV among positive FIT was 0.48. PPV were dependent on the number of risk
alleles for positive FIT (PPVp10-p90 0.48–0.57).

Conclusions: PRS plays an important role along the CRC tumorigenesis pathway; however, in practice, its utility to
stratify the general population or as a second test after a FIT positive result is still doubtful. Currently, PRS is not
able to safely stratify the general population since the improvement on PPV values is scarce.
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Background
Colorectal cancer (CRC) is the third most common can-
cer type diagnosed in the world and the second deadly
cancer globally [1]. Screening strategies reduce the inci-
dence and mortality of CRC by detecting premalignant
polyps and cancers at an earlier stage. Compared to no
CRC screening, all screening modalities (i.e., fecal occult
blood test (FOBT), endoscopy screening, computed
tomographic colonography, stool DNA test) provide
additional years of life at a cost that is deemed accept-
able by most industrialized nations [2]. However, the
FOBT that checks stool samples for small amounts of
blood has been adopted globally [3]. Among FOBT, the
fecal immunochemical test (FIT) is often preferred as it
does not require dietary restrictions before sample col-
lection and has higher sensitivity and a lower incidence
of interval CRC after a negative screening result [4]. In
Spain, CRC screening started in 2000 in Catalonia, and
it extended nationally gradually. Currently, the target
population for CRC screening is aged between 50 to 69
years, uses the FIT, and reached participation rates of
45.3% in 2016 with a slow increasing trend [5].
Over the past decade, and thanks to extensive

genome-wide association studies (GWASs), researchers
have identified a significant number of loci associated
with CRC risk [6, 7]. In CRC, different approaches to
generate predictive polygenic risk scores (PRS) from
GWASs have been developed and have offered a way for
risk-stratified CRC screening and other targeted inter-
ventions [8]. Based on more than 120,000 European an-
cestry subjects, the largest and most recent GWAS study
in CRC built a polygenic risk score that incorporated
140 single nucleotide polymorphisms (SNPs). The area
under the receiver operating characteristics curve
(aROC) was 0.63 on the discovery population [6]. Thus
far, most studies have essentially included clinically diag-
nosed CRC cases. However, in order to tailor effective
CRC early detection and preventive interventions, PRS
should also include premalignant polyps, ideally identi-
fied in CRC screening population. To the best of our
knowledge, only three studies have previously evaluated
the usefulness of PRS in a CRC colonoscopy-based
screening context, which used PRS of 39, 82, and 22
SNPs, respectively [9–11].
In this cross-sectional study, we aimed to elucidate,

in a sample of participants in a FIT-based screening
program, the value of a PRS using the most recent
CRC loci (n = 133) to stratify individuals according
to their risk of developing distinct colorectal cancer
screening outcomes, from premalignant polyps to
colorectal cancer. A second aim of the study was to
elucidate the utility of the PRS as a second test after
a FIT positive result to indicate or prioritize a
colonoscopy.

Methods
Study population and sample collection
This study population consisted of 3619 participants
from 2 observational studies for whom genetic data were
available: Colorectal Cancer Genetics & Genomics
(CRCGEN; n = 1801) and Colorectal Cancer Screening
(COLSCREEN; n = 1818). CRCGEN combines data of
two Spanish case-control studies. The first one, con-
ducted in the University Hospital of Bellvitge, L’Hospita-
let del Llobregat, (Barcelona), recruited incident
pathology-confirmed CRC cases (n = 304) and age and
sex frequency-matched hospital controls (n = 293) dur-
ing the period 1996–1998. The control group was ran-
domly selected among patients without previous CRC
admitted to the same hospital during the same period.
To avoid selection bias, the criterion of inclusion in the
control group was a new diagnosis. The second study
was conducted in parallel in the University Hospital of
Bellvitge and in the Hospital of León, León, during
2007–2015 and recruited a total of 633 incident CRC
cases (313 Bellvitge and 320 León) and 571 population
controls (free of CRC, 164 Bellvitge and 407 León). The
control group was recruited by inviting to participate
subjects selected from the primary health care lists of
the hospitals’ referral areas, frequency matched by age
and sex. COLSCREEN is a cross-sectional screening co-
hort study designed to recruit participants from the on-
going population-based CRC screening program
conducted by the Catalan Institute of Oncology, L’Hos-
pitalet del Llobregat (Barcelona), from 2011 to 2020.
The design of the CRC screening program, based on
FOBT, has been published elsewhere [12, 13]. Exclusion
criteria to participate at the biennial screening program
were as follows: gastrointestinal symptoms; family his-
tory of hereditary or familial colorectal cancer, personal
history of CRC, adenomas or inflammatory bowel dis-
ease; and colonoscopy in the previous 5 years or a FIT
within the last 2 years, terminal disease, and severe dis-
abling conditions. Most of the participants of the
COLSCREEN study were invited to participate after a
positive FIT result (n = 1242, 77%; ≥ 20 μg Hb/g feces),
but we also invited to undergo a colonoscopy to a sam-
ple of 362 subjects with a negative FIT result (< 20 μg
Hb/g feces). To increase CRC sample size, we further in-
cluded in the COLSCREEN study 70 newly diagnosed
CRC identified by the hospital CRC Functional Unit.
These clinically diagnosed CRC cases, though labeled
under COLSCREEN because they were recruited simul-
taneously to that study, for analyses were combined with
others of CRCGEN and were excluded when the ana-
lyses were restricted to participants in screening.
Colonoscopy and/or CRC histological reports were ex-

amined and used to classify COLSCREEN participants
into different categories following the proposal by
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Castells et al. for risk stratification of patients with CRC
and/or serrated polyps [14]: low-risk lesions (LRL; n =
286), intermediate-risk lesions (IRL; n = 352), high-risk
lesions (HRL; n = 226), and CRC screening program
cases (n = 70). Controls (free of CRC) were classified
into population-based controls and screening controls
(normal colonoscopy or no-risk lesions).
All participants who agreed to take part of the CRCG

EN and COLSCREEN studies provided written informed
consent and donated a blood sample at recruitment.
Each hospital’s ethics committees (University Hospital of
Bellvitge and Hospital of León) approved the protocols
of the studies (PR148/08, PR073/11, PR084/16).

Genotyping and single nucleotide polymorphism data
Genotyping within the CRCGEN study was conducted
in 2016 from blood DNA using the Infinium
OncoArray-500 K BeadChip (Illumina, San Diego, CA)
which contains 500,000 SNPs, whereas the genotyping
within the COLSCREEN study was performed in 2019
using the Infinium Global Screening Array v2.0 (Illu-
mina, San Diego, CA) which includes near 800,000 SNPs
markers. The correlation of the minor allele frequency
(MAF) between arrays was excellent (Pearson r > 0.99).
SNPs were filtered out if Hardy Weinberg equilibrium

p value was < 1e−04 or if the MAF was < 0.001. Multial-
lele SNPs and SNPs outside autosomes or chromosome
X or with > 5% of missing values were also excluded.
Likewise, duplicated, or related samples and samples
with > 1% of missing values or with no sex concordance
were also excluded. Whole genome imputation was per-
formed using Michigan Imputation Server [15], for each
dataset separately, using the Haplotype Reference Con-
sortium panel (HRC.r1.1.2016) for CEU population as
reference.
In 2020, Thomas et al. reported 140 SNPs associated

to CRC risk in a large-scale GWAS study [6]. For the
present study, a total of 133 SNPs were used to calculate
the PRS. One SNP was not found in our data after im-
putation (rs6928864) and six SNPs (rs35470271,
rs145364999, rs755229494, rs77969132, rs373585858,
and rs556532366) were excluded due to low imputation
quality information index (R2 < 0.3). None of the 133
SNPs were in linkage disequilibrium (Additional file 1:
Tab. S1).

Statistical analysis
Odds ratios (OR) and 95% confidence intervals (95% CI)
were estimated using unconditional logistic regression
models to evaluate associations between each analyzed
variant and the outcome, defined as cases (IRL, HRL or
CRC, either screening or clinical) versus controls (nor-
mal colonoscopy, LRL or population control). All sam-
ples were combined for this analysis and, previously,

potential confounders were explored (age, sex, genetic
ancestry, family history and array). Though the crude
and fully adjusted models provided very similar OR esti-
mates, we report the adjusted ORs.
A principal component analysis (PCA) with the

ancestry-informative marker SNPs (AIMS) including
1397 HapMap samples was performed [16]. Based on
ethnicity of HapMap samples, we could classify our
samples by ancestry: European (n = 3509), Latino (n
= 90), and African (n = 20) (Additional file 2: Fig.
S1). We decided not restrict the sample to European
ancestry, since the 110 non-European samples had a
minimal impact in the estimates and this population
also participates in CRC screening. We adjusted the
analyses by the first 5 PCs, though only the first two
were associated with the outcome. We also performed
a sensitivity analysis excluding the subjects with no
European ancestry.
To assess genetic susceptibility, two approaches were

used: an unweighted PRS and a weighted PRS (w-PRS).
Each SNP was coded as 0, 1, or 2 copies of the risk al-
lele. The PRS was defined as the sum of risk alleles
across all 133 SNPs. The w-PRS was assessed using the
published β values reported by Thomas et al. as weights.
However, because part of our data (CRCGEN) was used
by Huyghe et al. as a discovery data [7], the unweighted
PRS was preferred, though the weights used had been
corrected for the winner’s course bias.
The PRS was analyzed initially as response in a multi-

variate linear model to assess potential confounding.
Though only sex and two ancestry components were
significant, we calculated and adjusted PRS as the resid-
uals of the linear model that included sex, age, five an-
cestry components, array, and family history of CRC.
Then, we used that adjusted PRS to estimate averages
for the different risk groups (population control,
screening control, LRL, IRL, HRL, screening CRC, and
clinically diagnosed CRC). Differences between PRS
mean values within variables (ethnicity, sex, age, and
FIT) were assessed using Student’s t test. To identify
distributional changes across groups, the non-
parametric Mann-Kendall Trend test was used [17, 18].
Stratified analysis by sex and age (< 60, ≥ 60) were also
carried out.
Further, we performed additional analyses focusing

only on screening samples, which were dichotomized
into cases with pathogenic lesions (n = 648; IRL, HRL,
and screening CRC) and controls (n = 956; LRL and
screening controls). Additional stratified analyses by sex,
age (< 60, ≥ 60), and FIT (positive FIT, negative FIT)
were conducted within this subset. We carried out two
exploratory analyses in order to verify the consistency of
the results. First, we used the w-PRS instead of the PRS,
and second, cases were defined as HRL and screening

Obón-Santacana et al. BMC Medicine          (2021) 19:261 Page 3 of 11



CRC (n = 296) and controls included the IRL group,
with LRA and screening controls (n = 1308).
The predictive accuracy of the models to discriminate

cases and controls was assessed with sensitivity, specifi-
city and, aROC as implemented in the pROC R package
[19]. To reduce the impact of estimating the model coef-
ficient in our data, we used fivefold cross-validation to
calculate the aROC. The roc.test function with DeLong
test from the same package was used to compare two
aROC curves. Utility of the PRS was assessed calculating
the positive predictive values (PPV) and negative pre-
dictive values (NPV). Since our sample was not repre-
sentative of the prevalence of lesions in average risk
population, because most of the subjects had been se-
lected by a previous FIT test, an estimate of the popula-
tion PPV and NPV were calculated using a weighted
average of the values calculated by strata according to
FIT result. Based on the number of participants with a
positive FIT result in the population screening program,
sampling weights of 0.06 and 0.94 were applied for par-
ticipants with a positive and a negative FIT result, re-
spectively [13].
Lastly, a quantile plot was performed stratifying the

screening population according to the adjusted PRS. Par-
ticipants were categorized in deciles based on the distri-
bution in the control group. The first PRS decile was
treated as reference category. The OR and the corre-
sponding 95% CI for the association between PRS and
CRC (including IRL, HRL, and CRC) risk were estimated
using unconditional logistic regression models.
All statistical analyses and graphical representations

were carried out using R statistical software (R Founda-
tion for Statistical Computing, Vienna, Austria) and SNP
selection and PRS calculations were performed using
PLINK version 1.9 [20]. All statistical tests were two-
sided and statistical significance was set at α = 5%.

Results
Characteristics of the study population and scoring by
PRS
Main characteristics of the study population are pre-
sented in Table 1. Participants were classified into 7
groups according to their status: 1008 population con-
trols, 670 screening controls, 286 LRL, 352 IRL, 226
HRL, 70 screening CRC, and 1007 clinically diagnosed
CRC (937 from CRCGEN and 70 from COLSCREEN).
The mean age was 63.1 years and 43% were female.
The association between CRC and the analyzed vari-

ants is presented in Additional file 1: Tab. S1. The ana-
lysis included all the samples and was adjusted by sex,
age, array, family history, and centered PC1-PC5. In this
analysis, controls were population and screening con-
trols and, LRL and cases were IRL, HRL, screening CRC,
and clinically diagnosed CRC. Among the 133 included

SNPs, only 24 were statistically significant (P value<
0.05) associated with the outcome.
The mean (SD) value for the PRS was 132.7 (7.2). Fig-

ure 1 shows the distribution of the PRS across the differ-
ent 7 groups. The mean PRS values increased along the
CRC tumorigenesis pathway (Mann-Kendall P value
0.007): from 131.7 to 134.5 for population controls and
clinically diagnosed CRC, respectively. No statistical dif-
ferences in PRS values were observed by sex and by age
(< 60, ≥ 60) either globally or across the 7 groups (Add-
itional file 2: Fig. S2 and Fig. S3).
The analysis using a w-PRS yelled to similar distribu-

tions across groups (Mann-Kendall P value 0.07) com-
pared to the PRS, except for the screening CRC group
(Additional file 2: Fig. S4). Likewise, a sensitivity analysis
evaluating ethnicity was conducted. Non-European an-
cestry samples accounted for 3% of the total participants
(n = 110) and were unequally distributed between the
different 7 groups: 13 population controls, 54 screening
controls, 16 LRL, 16 IRL, 2 HRL, 1 screening CRC, and
7 clinically diagnosed CRC. Mean PRS values were not
statistically significant different between European and
non-European participants (132.7 vs. 133.0; t test P value
0.66). The PRS distribution across the 7 groups
remained unchanged when non-European samples were
excluded from the analysis (Mann-Kendall P value
0.007) (Additional file 2: Fig. S5).

Risk stratification for screening population according to
PRS
The analyses performed to the subset of screening popu-
lation included a total of 1604 participants. Descriptive
characteristics of this subset are presented in Table 2.
The mean age was 59.9; 46% were female and 77% had a
positive FIT result. Only one CRC was detected among
the 362 subjects with negative FIT result. The PRS in-
cluding only screening population ranged from 110 to
151, with a mean (SD) value of 132.2 (7.2). Regarding
differences in PRS values by FIT, participants with a
negative FIT result had statistically significant lower
mean PRS values than positive FIT participants (132.4 in
negative FIT vs. 131.5 in positive FIT; t test P value
0.03); however, no differences were observed comparing
FIT means across screening groups (all Bonferroni-
adjusted t test P values = 1) (Fig. 2). Stratified analysis
by age (< 60 vs. ≥ 60) showed similar PRS mean values
(132.1 vs. 132.3; respectively), and no statistically signifi-
cance difference was observed neither overall (t test P
value 0.68) nor across the 5 screening groups (data not
shown).
To assess the discriminative accuracy of the PRS, mea-

sured by the aROC, the screening population were cate-
gorized into cases, including diagnosis of IRL, HRL, or
screening CRC (n = 648), and controls, including LRL
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and screening controls (n = 956). Additional file 4: Tab.
S2 shows the sample size for the distribution of the PRS
in cases and controls for each model. Further, detailed
PPV and NPV and their correspondent 95%CI are listed
in Additional file 4: Tab. S3.
Figure 3A shows the distribution of PRS in screening

cases and controls, which approximated normal distribu-
tions. The mean PRS was 133.1 for cases and 131.6 for
controls. The cross-validated aROC was 0.56 (95% CI
0.53–0.59) (Fig. 3B). The PPV at 10th PRS percentile
was 0.19 (95% CI 0.15–0.24) but slightly increased at the
90th percentile, though the 95%CI was very wide

(PPVp90 0.21, 95% CI 0.10–0.39). Otherwise, the NPV
decreased with increasing number of risk alleles
(NPVp10-p90 0.88–0.82) (Fig. 3C).
The predictive accuracy was 0.57 (95% CI 0.55–0.60)

when the w-PRS for cases and controls was evaluated
(Additional file 2: Fig. S6). Results from the analysis per-
formed in high-risk cases restricted to HRL and CRC
showed a predictive accuracy of the PRS of 0.58 (95% CI
0.54–0.61); however, this increment was not statistically
significant compared to the main model (DeLong test P
value 0.54). The NPV at the 10th percentile was 0.97
(95% CI 0.87–0.99) (Additional file 2: Fig. S7).

Fig. 1 Distribution of the adjusted polygenic risk score according to the different 7 risk groups. Data are represented as the mean and 95% CI for
each group

Table 1 Characteristics of the overall study population stratified by categories following the classification by Castells et al.

Study Sex Family
history

Age (year) PRS Weighted PRS

n (%) CRCG
EN
n (%)

COLSCREEN
n (%)

Female
n (%)

Yesa

n (%)
Min Mean

(SD)
Max Min Mean

(SD)
Max Min Mean

(SD)
Max

Population control 1008
(28)

864
(48)

144 (8) 467
(30)

63 (20) 19 64.2
(12.0)

92 111 131.7
(7.2)

156 5.7 7.3 (0.4) 8.9

Screening control 670
(19)

– 670 (37) 406
(26)

48 (15) 49 59.5 (6.0) 70 111 131.5
(7.1)

149 6.0 7.2 (0.4) 8.7

LRL 286 (8) – 286 (16) 125 (8) 24 (8) 49 60.3 (5.7) 71 110 131.8
(7.4)

151 6.0 7.3 (0.5) 8.4

IRL 352
(10)

– 352 (19) 126 ()8 20 (6) 49 59.8 (5.4) 70 111 132.6
(7.0)

151 6.0 7.4 (0.5) 8.7

HRL 226 (6) – 226 (12) 65 (4) 15 (5) 50 60.6 (5.9) 70 114 133.7
(7.4)

150 6.2 7.4 (0.5) 8.5

Screening CRC 70 (2) – 70 (4) 22 (1) – 50 61.1 (5.9) 69 119 133.9
(6.4)

150 6.5 7.3 (0.4) 8.3

Clinically diagnosed
CRC

1007
(28)

937
(52)

70 (4) 353
(23)

146 (46) 23 67.3
(11.0)

91 110 134.5
(7.0)

156 6.1 7.4 (0.4) 8.9

Total 3619 1801
(50)

1818 (50) 1564
(43)

316 (9) 19 63.1 (9.9) 92 110 132.7
(7.2)

156 5.7 7.3 (0.5) 8.9

CRC colorectal cancer; CRCGEN Colorectal Cancer Genetics & Genomics study; COLSCREEN The Colorectal Cancer Screening Study; HRL high-risk lesion; IRL
intermediate risk lesion; LRL low risk lesion; PRS adjusted polygenic risk score.
aPercentages may differ due to missing values (n = 84)
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Increased risks for cases (IRL, HRL, or screening CRC)
were observed starting from the seventh decile
(ORD7vsD1 1.68, 95% CI 1.06–2.65). Participants classified
at the highest decile were at 1.9-fold risk compared to
the lowest decile (ORD10vsD1 1.92, 95% CI 1.22–3.03;
Mann-Kendall P value: 0.002) (Additional file 2: Fig. S8).
The corresponding curves of predictive values accord-

ing to the number of risk alleles by sex are shown in
Additional file 2: Fig. S9. The aROC was 0.57 (95% CI
0.53–0.62) for women and 0.56 (95% CI 0.52–0.59) for
men, with overlapping confidence intervals (DeLong test
P value: 0.59) (Additional file 2: Fig. S9 B S9 E,

respectively). Despite that in both scenarios NPV de-
creased with increasing number of risk alleles, lower
NPV were observed in men (NPVp10-p90 0.83–0.76) than
in women (NPVp10-p90 0.92–0.88). PPV increased with
increasing number of risk alleles among women
(PPVp10-p90 0.14–0.21), but not in men (PPVp10-p90

0.25–0.21) (Additional file 2: Fig. S9 C S9 F).
Two age groups among screening participants were

defined as < 60 years (286 cases and 472 controls) and ≥
60 years (362 cases and 484 controls). For elderly partici-
pants, the PRS improved the predictive accuracy by 0.01
points (aROC 0.57; 95% CI 0.54–0.61), whereas no

Fig. 2 Distribution of the adjusted polygenic risk score according to the different 5 groups by fecal immunochemical test result. Only screening
samples are represented in this figure. Data are represented as the mean and 95% CI for each risk group. Negative fecal immunochemical test
defined as < 20 μg Hb/g feces. Positive fecal immunochemical test defined as ≥ 20 μg Hb/g feces

Table 2 Characteristics of the CRC screening participants stratified by categories following the classification by Castells et al.

Study Sex Family
history

Age (year) FIT PRS Weighted PRS

n
(%)

CRCG
EN
n (%)

COLSCREEN
n (%)

Yes
n
(%)

Yesa

n (%)
Min Mean

(SD)
Max Negative

FITb

n (%)

Positive
FITc

n (%)

Min Mean
(SD)

Max Min Mean
(SD)

Max

Screening
control

670
(42)

– 670 (42) 406
(25)

48 (45) 49 59.5
(6.0)

70 226 (62) 444 (36) 111 131.5
(7.1)

149 6.0 7.2
(0.4)

8.7

LRL 286
(18)

– 286 (18) 125
(8)

24 (22) 49 60.3
(5.7)

71 78 (22) 208 (17) 110 131.8
(7.4)

151 6.0 7.3
(0.5)

8.4

IRL 352
(22

– 352 (22 126
(8)

20 (19) 49 59.8
(5.4)

70 43 (12) 309 (25) 111 132.6
(7.0)

151 6.0 7.4
(0.5)

8.7

HRL 226
(14)

– 226 (14) 65
(4)

15 (14) 50 60.6
(5.9)

70 14 (3.9) 212 (17) 114 133.7
(7.4)

150 6.2 7.4
(0.5)

8.5

Screening
CRC

70
(4)

– 70 (4) 22
(1)

– 50 61.1
(5.9)

69 1 (0.1) 69 (6) 119 133.9
(6.4)

150 6.5 7.3
(0.4)

8.3

Total 1604 – 1604 744
(46)

107 (7) 49 59.9
(5.8)

71 362 (23) 1242
(77)

110 132.2
(7.2)

151 6.0 7.3
(0.5)

8.7

CRC colorectal cancer; CRCGEN Colorectal Cancer Genetics & Genomics study; COLSCREEN The Colorectal Cancer Screening Study; FIT fecal immunochemical test;
HRL high-risk lesion; IRL intermediate risk lesion; LRL low risk lesion; PRS adjusted polygenic risk score
aPercentages may differ due to missing values (n = 38)
bNegative FIT defined as < 20 μg Hb/g feces
cPositive FIT defined as ≥ 20 μg Hb/g feces
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improvement could be observed for younger participants
(aROC 0.54; 95% CI 0.50–0.59) (Additional file 2: Fig.
S10 E and S10 B, respectively). For elderly participants,
the 90th PRS percentile PPV was 0.47 and NPV was
0.81, whereas for younger participants the 90th PRS per-
centile PPV was 0.16 and NPV was 0.93 (Additional file
2: Fig. S10 F and S10 C, respectively).

PRS was also assessed separately for positive FIT (590
cases and 652 controls) and negative FIT (58 cases and
304 controls) (Fig. 4). Discrimination was equal when re-
stricted to positive FIT (aROC 0.56, 95% CI 0.53–0.59)
and lower among negative FIT with an aROC of 0.55
(95% CI 0.47–0.63) (Fig. 4E and B, respectively). The
NPV and PPV were dependent on the number of risk

Fig. 3 A Distribution of the adjusted polygenic risk score in screening cases and controls. B Receiver operating characteristic curve based on 133
SNPs used to measure the area under the curve in cases compared to controls. C Positive and negative predicted values for the number of CRC
risk alleles weighted by fecal immunochemical test (positive weight = 0.06 and negative weight = 0.94)

Fig. 4 A Distribution of the adjusted polygenic risk score among negative fecal immunochemical test (FIT) result in cases and controls. B Receiver
operating characteristic curve for based on 133 SNPs used to measure the area under the curve in negative FIT cases compared to negative FIT
controls. C Positive and negative predicted values for the number of CRC risk alleles in negative FIT. The overall negative predictive value is 0.84.
D Distribution of the polygenic risk score among positive FIT in cases and controls. E Receiver operating characteristic curve based on 133 SNPs
used to measure the area under the curve in positive FIT cases compared to positive FIT controls F Positive and negative predicted values for the
number of CRC risk alleles in positive FIT. The overall positive predictive value is 0.47
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alleles for positive FIT (NPVp10-p90 0.56–0.54; PPVp10-p90

0.48–0.57). PPV also increased with increasing number
of risk alleles for negative FIT (PPVp10-p90 0.17–0.19)
(Fig. 4C and F, respectively).

Discussion
In the present study, we assessed a PRS based on 133
of the 140 independent GWAS SNPs previously re-
ported in association to CRC [6]. An increasing PRS
trend was observed along the stepwise progression
from healthy individuals, LRL, IRL, and HRL to can-
cer of the colorectum on a sample of 3619
participants.
Our study included a subset of 1604 participants re-

cruited from a population-based CRC Screening Pro-
gram. We found that the PRS was clearly associated
with increased CRC risk (including diagnosis of IRL,
HRL, or CRC), although the predictive accuracy of
the PRS was low (aROC 0.56). The aROC improved
by 0.02 when the model was restricted to HRL and
CRC; however, this increment was not significant, the
sample size was modest, and the confidence intervals
were wide. In this sense, the prediction from the
present study falls within the range reported by previ-
ously published articles, with aROC between 0.56 and
0.63 [6, 9, 10, 21–25]. However, a study conducted
within The Korean Cancer Prevention Study-II re-
ported the highest aROC values so far, 0.69, for a
model including age and the PRS among men. It is
important to take into consideration that the SNPs
that were selected for building the PRS in the Korean
study were derived from the discovery data [26]. In
this regard, a slightly improvement of the aROC was
also obtained when we evaluated the w-PRS (0.57);
nevertheless, our data was also used as discovery data
by Huyghe et al. [7], and for this reason, the un-
weighted PRS was selected to conduct all the
analyses.
The performance of the PRS was very similar in

women (0.57) and men (0.56). This is in agreement
with previous studies which have observed either bet-
ter performances in men or no differences by sex
[27]. Regarding age, the discriminatory accuracy of
the model among participants ≥ 60 years was slightly
better than younger participants < 60 years (0.54 and
0.57, respectively). Despite that the incidence of CRC
is increasing in younger populations (< 50 years), the
probability of having a lesion increases with age [28].
In Spain, the target population to become eligible to
participate in CRC screening programs is the group
aged 50–69. We have shown that higher PRS values
are associated with higher relative risks of disease and
that higher PPV values are observed for elderly par-
ticipants; however, there were no differences in the

PRS values by age (< 60 vs. ≥ 60). This result may in-
dicate that the current selected age range to partici-
pate is not optimal. The scientific community is
discussing whether people at 45 should begin CRC
screening and discontinue it at the age of 75, as half
of CRC cases are diagnosed around 70 [24, 29, 30];
however, we could not investigate these age groups as
they do not meet our screening program inclusion
criteria. Though the PRS has shown to be robust in
the diverse subgroup analyses, only 26 SNPs were sta-
tistically significant (Additional file 1: Tab. S1). This
probably was related to the limited sample size of our
study compared to the GWAS studies in which the
SNPs were discovered [7]. Most recently discovered
SNPs have small MAF and small effect and, thus,
they may show high variability in smaller sample
sizes. Other factor that may explain the relatively
small number of significant SNPs is the definition of
the outcome. The SNPs used for the PRS have been
discovered in studies of invasive CRC, but in our
group of cases, we included subjects with non-
invasive high-risk lesions which, as we have shown,
have lower average PRS, and thus reduce the power
to observe significant effects.
CRC screening in Spain is based on FIT test. Since

the present study includes screening participants, it is
not surprising that most of our participants within
the screening subset had a positive test result (77%).
We had a smaller sample of subjects with negative
FIT (n = 362), which may be more representative of
the general population, since only 6% of the partici-
pants test positive. To our knowledge, no study has
evaluated the hypothetic impact of incorporating the
PRS into a CRC screening setting that uses FIT to in-
dicate colonoscopy (Fig. 4). The overall NPV among
negative FIT, which represents the general population,
was 0.84. The NPV at the 10–90th PRS percentiles
were 0.90–0.84, respectively. The PPV among negative
FIT participants, which corresponded to those cases
that do not bleed but have a lesion, ranged from 0.17
at the 10th percentile to 0.19 at the 90th percentile.
It can be inferred from the above results that lower
values of PRS seem to improve the general NPV from
the overall population and could decrease the number
of false negative results. Besides, the overall PPV
among FIT+ was almost 0.50. The PPV at the 10–
90th PRS percentiles were 0.48–0.57, respectively. The
readout here could be that performing a PRS after a
FIT+ result does not avoid FIT+ to be referred for
colonoscopy, which is one of the main goals for risk
stratification. As the number of SNPs increases, the
PRS extremes get wider; however, there are still some
cases (IRL, HRL, or CRC) that have low PRS values.
At present, with the number of SNPs that are known
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to be independently associated with CRC, the PRS is
not able to safely stratify the general population since
the improvement on PPV values is still scare.
The major strength of the present study is the in-

clusion of all CRC screening and non-screening sce-
narios: from population-based controls, non-advanced
lesions, advanced lesions to clinically diagnosed CRC.
In this sense, all participants recruited from the on-
going CRC Screening Program and included in the
present study were referred for colonoscopy examin-
ation despite of their FIT result. This allowed us to
classify participants following the proposal by Castells
et al. [14]. Additionally, we have used the most recent
set of known independent signals for CRC [6]. Not-
withstanding its strengths, there are some limitations
in our study that should be mentioned. We could not
perform a validation analysis, and the predictive ac-
curacy was only adjusted using cross-validation. The
sample size in the negative FIT result group was rela-
tively small, and few lesions were detected, because
the FIT test has good accuracy. This has led to wide
confidence intervals in the predictive values. More-
over, since we stratified the sampling of our popula-
tion by FIT, we could not directly estimate FIT
sensibility and specificity. We adjusted for family his-
tory, but participants with a history of familial CRC
or one first degree relative younger than 60 would
have been excluded from the CRC Screening Program
and referred to the gastroenterologist. Thus, we do
not have this population to study, but we have shown
elsewhere that the PRS has a similar contribution in
familial CRC [31]. Also, despite study participants
were predominantly of European ancestry (97%), all
the analyses were adjusted by five principal compo-
nents obtained from the AIMS. In this regard, our re-
sults should be interpreted with caution when
extrapolated to populations that are more diverse.

Conclusions
In conclusion, our study provides evidence that gen-
etic susceptibility, assessed with the PRS, plays an im-
portant role along the CRC tumorigenesis pathway;
however, in practice, its utility to stratify the general
population or as a second test after a positive FIT re-
sult is still doubtful with the current number of
SNPs. Thus, further studies with larger sample sizes,
larger number of informative SNPs, and possibly
other biomarkers (i.e., metabolome, microbiome) are
warranted to discern whether the PRS is worth imple-
menting in the clinical practice.
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